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erophospholipids, allowing a rapid, sensitive, and highly 
informative approach for the direct analysis of cell lipid 
extracts ( 2 ). Notably the use of the novel matrix 9-amino-
acridine in MALDI-TOF/MS enables the fast and reliable 
detection of anionic phospholipids and also cardiolipin 
species ( 2 ). 

 In our study we extended the use of 9-aminoacridine as 
a matrix for the MALDI-TOF/MS to glycerolipids and 
glycerophospholipids of extremely halophilic microorgan-
isms belonging to the Archaea kingdom. The extremely 
halophilic archaeons are well adapted to life in NaCl-
saturated aquatic ecosystems, where they are exposed to 
extremely low water activity and desiccation stress. 

 Glycerolipids and glycerophospholipids are defi ned as 
glycerol and glycerol-phosphate derivatives, respectively 
( 3 ). Whereas in bacteria and eukaryotic cells, glycerolipids 
and glycerophospholipids are constituted by straight-chain 
fatty acids linked to glycerol by ester bonds, in the archaeal 
microorganisms, the hydrophobic chains are isopranoid 
chain alcohols linked to glycerol by ether bonds ( 4 ). 

 The stereochemistry of archaebacterial membrane lip-
ids is also different from that of other membrane lipids. In 
archaebacterial lipids, the glycerol group is alkylated at 
the  sn -2 and  sn -3 positions, at variance from bacterial and 
eukaryotic lipids, whose chains are linked at the  sn -1 and 
 sn -2 positions ( 4 ). The ether bond and the absence of 
unsaturations in the hydrophobic tail of the phospholip-
ids (and other polar lipids present in archaeal membranes) 
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 Today shotgun ESI-MS lipidomics represents one of the 
most powerful tools of analysis of the total lipid extract of 
biomembranes, allowing the detection of both zwitterionic 
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 Recently, a matrix-assisted laser desorption/ionization 
time-of-fl ight mass spectrometry (MALDI-TOF/MS) ap-
proach, based on the use of 9-aminoacridine (9-AA) as 
matrix, has been developed for the rapid analysis of glyc-
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J. T. Baker, or Carlo Erba. TLC plates (TLC Silica gel 60 A, glass 
plates), obtained from Merck, were washed twice with chloro-
form/methanol (1:1, v/v) and activated at 120°C before use. 

 Microorganism growth conditions 
 The engineered high-producing BR strain of  Hbt. salinarum  

used in this study was kindly provided by Richard Needleman 
( 10 ). The  Hbt. salinarum  cells were grown in light at 37°C in liq-
uid growth medium containing neutralized peptone (L34, Ox-
oid), prepared as previously described ( 11 ). The MdS1 strain, a 
representative of  Halorubrum sp. , was isolated from the salterns 
Margherita di Savoia and grown in our laboratory as previously 
described ( 12 ). 

 Isolation and lyophilization of archaebacterial 
membranes 

 Purple membranes were isolated from the high-producing BR 
strains of  Hbt. salinarum  as previously described ( 11 ) and when 
indicated were used in lyophilized form. The red membranes of 
the extremely halophilic microorganism MdS1 were isolated as 
previously described ( 13 ) and lyophilized before lipid analysis. 

 Lipid extraction of the purple membrane 
 Total lipids of the PM were extracted using the Bligh and 

Dyer method ( 14 ), as modifi ed for extreme halophiles ( 15 ). The 
extracts were carefully dried under N 2  before weighing, and then 
dissolved in chloroform (10 mg/ml). 

 Thin-layer chromatography 
 Total lipid extracts were analyzed by TLC (Merck 10 × 20 cm × 

0.25 mm thick layer) with Solvent A (chloroform/methanol/90% 
acetic acid, 65:4:35, v/v). Lipid detection was carried out by 
spraying with 5% sulfuric acid in water, followed by charring at 
120°C for 45 min. 

 Isolation and purifi cation of individual lipids from the 
total extract 

 The lipid components of PM were separated by preparative 
TLC (Merck 20 × 20 cm × 0.5 mm thick layer) in Solvent A. Lipids 
were visualized by staining with iodine vapor and were eluted and 
recovered from the scraped silica as previously described ( 15 ). 
Isolated and purifi ed phospholipids were dissolved in chloro-
form at the concentration of 1 mg/ml; glycolipids and cardio-
lipin analogs in the mass range 1000–2000 amu were resuspended 
at the fi nal concentration of 2 mg/ml. 

 Preparation of lipid samples in solution for 
MALDI-TOF/MS 

 Samples were prepared as previously described ( 2 ). Briefl y, 
the total PM lipid extract (10 mg/ml) and individual lipid com-
ponents (1–2 mg/ml) were diluted from 20 to 200 µl with isopro-
panol/acetonitrile (60/40, v/v). Next, 10 µl of diluted sample 
was mixed with 10 µl of 9-aminoacridine (10 mg/ml; dissolved in 
isopropanol/acetonitrile (60/40, v/v)). Then 0.25 µl of the mix-
ture was spotted on the MALDI target (Micro Scout Plate, MSP 
96 ground steel target). 

 Sample preparation of lyophilized archaebacterial 
membranes for MALDI-TOF/MS 

 The procedure for sample preparation is analogous to the 
preparation of KBr samples for infrared analysis ( 16, 17 ). Ly-
ophilized archaebacterial membranes (PM and red membrane of 
MdS1) and dry 9-AA matrix were mixed in 2:1 ratio (w/w). Ly-
ophilized membranes were grinded with 9-AA in an agate mortar, 
and the powder mixture was crushed in a mechanical die press to 

are considered adaptive traits of microorganisms able to 
thrive in harsh or extreme environments, such as saturated 
salt, anoxic, and high-temperature waters ( 5 ). 

 Besides phospholipids and cardiolipin analogs ( 6 ), a 
number of glycosyldiradylglycerols (i.e., glycolipids) have 
been described ( 4, 7, 8 ). 

 As many of the lipid components of archaeal cell mem-
branes are not commercially available, we have isolated 
and purifi ed individual archaeal lipids for MALDI-TOF/
MS analysis. The purple membrane (PM) of the extreme 
halophile  Hbt. salinarum  was selected as a model mem-
brane for our studies. 

 The PM domain has an important role in the bioener-
getics of the microorganism, as it contains the photoacti-
vated proton pump bacteriorhodopsin. Bacteriorhodopsin 
is able to convert green sunlight in a proton gradient 
across the cell membrane (more acid outside); the pro-
tons fl owing back through ATP synthase allow ATP synthe-
sis inside the cell. The purple membrane is constituted of 
a 2D crystalline lattice, formed by bacteriorhodopsin as 
only protein and a small number of lipid molecules (about 
10 per each protein molecule). In the past we determined 
the PM lipid-protein stoichiometries by means of nuclear 
magnetic resonance (NMR) analysis ( 9 ). 

 In the present study we illustrate a new method of direct 
MALDI-TOF/MS analysis of lyophilized PM fi nely grinded 
with 9-AA as dry matrix. The simplifi ed method of sample 
preparation for MALDI lipid analysis is also suitable for 
other archaebacterial membranes in lyophilized form. In 
parallel, to validate results obtained with the new method, 
individual lipid components and the total lipid extract of 
archaebacterial membranes were analyzed for the fi rst 
time by MALDI-TOF/MS. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 DNase I was obtained from Sigma Aldrich. 9-Aminoacridine 

hemilhydrate was purchased from Acros Organics (Morris Plains, 
NJ). Archaebacterial lipid standards were isolated and purifi ed 
from archaeons cultured in our laboratory as described in the 
following sections. The following archaebacterial lipids (i.e., 
diphytanylglycerol ether analogs) were used in the present study: 
PG, phosphatidylglycerol; PGP-Me, phosphatidylglycerophosphate 
methyl ester; PGS, phosphatidylglycerosulfate; BPG, bisphosphati-
dylglycerol; S-TGD-1, (3 ′ -sulfo)Gal p  � 1-6Man p  � 1-2Glc p  � 1-1-[ sn -2,3-
di- O -phytanylglycerol]; and S-TGD-1-PA, (3 ′ -sulfo)Gal p  � 1-
6Man p  � 1-2Glc p  � 1-1-[ sn -2,3-di- O -phytanylglycerol]6-[phospho-
 sn -2,3-di- O -phytanylglycerol], all obtained from  Hbt. salinarum . 
S-DGD-5-PA, (2’-sulfo)Man p  � 1-2Glc p  � 1-1-[ sn -2,3-di- O -phytanyl-
glycerol], was isolated from a  Halorubrum sp . (MdS1 strain). The 
commercial glycerophospholipids (used as standards)—1,1’,2,2’-
tetratetradecanoyl cardiolipin; 1,1’2,2’-tetra-(9Z-octadecenoyl) 
cardiolipin; 1,2-ditetradecanoyl- sn -glycero-3-phosphate; 1,2-ditet-
radecanoyl- sn -glycero-3-phospho-(1’-rac-glycerol); and 1,2-ditet-
radecanoyl- sn -glycero-3-phospho-L-serine; 1,2-di-(9Z-hexadecenoyl)-
 sn -glycero-3-phosphoethanolamine—were purchased from Avanti 
Polar Lipids, Inc. (Alabaster, AL). All organic solvents used in 
extraction and MS analysis were commercially distilled and of the 
highest available purity and were purchased from Sigma Aldrich, 
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desorption/ionization process are generally similar to 
those produced in the course of ESI-MS analysis. In the 
BPG spectrum ( Fig. 1A ) the fragmentation ion at  m/z  
731.7 represents the archaetidyl group of archaebacterial 
phospholipids, i.e., phosphatidic acid. In the case of PGS 
( Fig. 1C ), MALDI-TOF/MS analysis reveals the presence 
of a main fragment ion at  m/z  805.9, produced after the 
neutral loss of SO 3  group and corresponding to PG. 

 Glycolipids (diphytanylglycerol ether analogs).   In the genus 
 Halobacterium , the major glycolipid is the sulfated triglyco-
syl archaeol (3 ′ -sulfo)Gal p  � 1-6Man p  � 1-2Glc p  � 1-1-[ sn -2,3-
di- O -phytanylglycerol] (S-TGD-1) ( 7 ); in addition the 
sulfated tetraglycosyl archaeol (3 ′ -sulfo)Gal p  � 1-6Man p  � 3-
1Gal f  � 1-2Glc p  � 1-1-[ sn -2,3-di- O -phytanylglycerol] (S-TeGD) 
has also been found ( 18 ). S-TGD-1 is the main glycolipid 
of the purple membrane, while S-TeGD is present in mi-
nor amount very likely as a contaminant. 

 Furthermore a glycosylated cardiolipin is present in the 
purple membrane of  Hbt. salinarum  ( 15 ). Glycosyl deriv-
atives of cardiolipin have also been described in bacteria 
( 8, 19 ). 

   Fig. 2   shows the MALDI-TOF mass spectra of isolated 
and purifi ed S-TGD-1 and S-TGD-1-PA and, at the bottom, 
their chemical structures. 

 The glycosylated cardiolipin of PM has the structure of 
a complex phosphosulfoglycolipid, (3 ′ -sulfo)Gal p  � 1-
6 Man p  � 1-2Glc p  � 1-1-[ sn -2,3-di- O -phytanylglycerol]6-
[phospho- sn -2,3-di- O -phytanylglycerol] (S-TGD-1-PA) that, 
having two diphytanylglycerol moieties, can be considered 
a dimeric phospholipid. The structure of S-TGD-1-PA 
was fi rst determined in our laboratory by combining 
TLC, NMR, ESI-MS, and MS/MS analysis of the isolated 
and purifi ed glycolipid and its hydrolysis products ( 15 ). 
It has also been shown that S-TGD-1 is the precursor of 
S-TGD-1-PA ( 20 ). 

 The lipid extract of the purple membrane of Hbt. salina -
rum.   The lipid extract of the purple membrane was ana-
lyzed in parallel by TLC and MALDI-TOF/MS. The names 
of individual lipid components in the total lipid extract of 
PM are reported on the side of TLC plate in   Fig. 3A  , 
together with the monoisotopic molecular masses ob-
tained by MALDI-TOF/MS analysis. In  Fig. 3B,  the MALDI-
TOF/MS profi le of the total lipid extract of purple 
membrane is reported. The signals in the mass spectrum 
have been assigned to the various lipids in the extract on 
the basis of MALDI-TOF/MS analysis of individual ar-
chaeal lipid standards previously analyzed. 

 Besides the signals of molecular ions of the main lipid 
species present in the total lipid extracts, signals arising 
from molecular fragmentation are present. The signal at 
 m/z  1218.1 is attributable to the main glycolipid of purple 
membrane S-TGD-1, while the peak at  m/z  1379.6 corre-
sponds to the minor glycolipid S-TeGD containing four 
sugar units in the polar head. The glycosylated cardiolipin 
named S-TGD-1-PA is represented by the signal at 1932.8 
([M-H]  �  ). The signal of the phospholipid PGP-Me is at  m/z  
900.0 ([M-H]  �  ), of PGS at  m/z  886.0, of PG at  m/z  805.9; 

form a thin pellet disc (less than 1 mm thickness). Small pieces of 
the disc were then fi xed to the MALDI target with double-sided 
adhesive tape and directly analyzed. 

 MALDI-TOF/MS 
 MALDI-TOF mass spectra were acquired on a Bruker Micro-

fl ex mass spectrometer (Bruker Daltonics, Bremen, Germany). 
The system utilizes a pulsed nitrogen laser, emitting at 337 nm; 
the extraction voltage was 20 kV. 600 single laser shots were aver-
aged for each mass spectrum. In the analysis of lipids in solution, 
the spectrum was obtained by moving the laser within the spot. 
The laser fl uence was kept at about 80% of maximum value to 
have a good signal-to-noise ratio. At variance in the analysis of 
lipids in intact membranes, it was not necessary to move the laser 
during the acquisition of the spectrum, thanks to the thickness of 
the pellet (see below). It was necessary to keep the laser fl uence 
at 100% for good desorption and ionization of the sample in the 
pellet; at lower laser intensity, it was not possible to have good 
signals. All spectra were acquired in negative ion mode using the 
delayed pulsed extraction. Spectral mass resolutions and signal-
to-noise ratios were determined by the software for the instru-
ment, “Flex Analysis 3.0” (Bruker Daltonics). When indicated, 
spectra were acquired with a Bruker Autofl ex mass spectrometer 
(Bruker Daltonics) in refl ector mode; the laser fl uence was kept 
about 10% above threshold to optimize the signal-to-noise ratio. 

 A mix containing: 1,1’,2,2’-tetratetradecanoyl cardiolipin, 
1,1’,2,2’-tetra-(9Z-octadecenoyl) cardiolipin, 1,2-ditetradecanoyl-
 sn -glycero-3-phosphate, 1,2-ditetradecanoyl- sn -glycero-3-phospho-
(1’-rac-glycerol), 1,2-ditetradecanoyl- sn -glycero-3-phospho-L-
serine, 1,2-di-(9Z-hexadecenoyl)- sn -glycero-3-phosphoethanolamine 
and the archaebacterial glycerolipid (2’-sulfo)Man p  � 1-2Glc p  � 1-
1-[ sn -2,3-di- O -phytanylglycerol] (S-DGD-5-PA) was always spotted 
next to the sample as external standard. An external calibration 
was performed before each measurement. 

 RESULTS 

 Application of MALDI-TOF/MS to the analysis of 
archaebacterial lipids in solution 

 Phospholipids (diphytanylglycerolphosphate ether analogs).  
 The MALDI-TOF mass spectra of some archaebacterial 
phospholipids present in the membranes of the extremely 
halophilic archaeal microorganisms are reported in   Fig. 1  . 
In particular the following lipids were analyzed: PG, PGP-
Me, PGS, and BPG. The chemical structures of analyzed 
phospholipids are illustrated at the bottom of the  Fig. 1 . 
All these archaebacterial phospholipid standards have 
been isolated and purifi ed from the lipid extract of  Hbt. 
salinarum . PGP-Me is the major phospholipid in all ex-
treme halophiles and extreme haloalkalophiles as well ( 4 ). 
BPG is the archaeal analog of eukaryotic or bacterial 
cardiolipin, an interesting kind of dimeric phospholipid 
having four phytanyl chains in the hydrophobic tail. 

 The basic unit of all archaebacterial phospholipids is 
represented by the archaetidyl group or phosphatidic 
acid, which is generally detected only in traces in the cel-
lular extracts as biosynthetic intermediates or is produced 
by molecular fragmentation in mass spectra.   Table 1   
reports formulas, exact masses, and MALDI-TOF/MS sig-
nals of archaeal phospholipids. 

 In some spectra, fragmentation ions are present to-
gether with the molecular ion; fragments produced in the 
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 MALDI-TOF/MS lipid analysis of equimolar mixtures of 
archaebacterial phospholipids, including BPG, showed 
that the BPG signal is always very small compared with 
those of other phospholipids (data not shown). 

 Lipid analysis of intact lyophilized archaebacterial 
membranes dry mixed with 9-aminoacridine 

 Recently MALDI-TOF/MS analysis of insoluble organic 
compounds of high molecular weight has also been per-
formed by dry mixing the analyte and matrix, and then 
crushing it in a mechanical die press to form a thin disc or 
pellet that can be directly scanned by the MALDI laser 
beam ( 16, 17 ). We tested the possibility of applying this 
approach to the direct lipid analysis of isolated membranes 
in lyophilized form, thus avoiding the steps of membrane 
disruption, lipid solubilization, and phase partition. 

 It is well known that the purple membrane of  Hbt. 
salinarum  has an extraordinary thermal and chemical 
stability; we have verifi ed that is possible to keep PM in 
lyophilized form at room temperature for months 
without changing their lipid composition (unpublished 
observations). 

 Lyophilized purple membranes were fi nely mixed with 
the powder of 9-AA. The dry mixture was kept under high 

fi nally the small peak at  m/z  731.7 corresponds to PA, a lipid 
fragment. At variance from ESI-MS lipid profi le, in MALDI-
TOF mass spectrum the peak of BPG can be barely detected 
by enlarging the  y  axis, although it gives a good signal when 
analyzed individually (see mass spectrum in  Fig. 1 ). 

 It has been shown that BPG is only a minor lipid compo-
nent of PM, likely a contaminant, while S-TGD-1-PA is pres-
ent in stoichiometric ratio 1:1 with bacteriorhodopsin ( 9 ). 

  Fig.   1.  MALDI-TOF MS analysis of phospholipids standards (diphytanylglycerolphosphate ether analogs) 
isolated and purifi ed from extremely halophilic archaeal microorganisms. Shown are the peaks of the mo-
lecular ions [M-H]  �  : BPG at  m/z  1520.5 (A); PGP-Me at  m/z  900.0 (B); PGS at  m/z  886.0 (C); and PG at  m/z  
805.9 (D). In addition to the peaks of the molecular ions, some fragments that were produced during the 
desorption/ionization process are shown: the fragment at  m/z  731.7 corresponding to PA is present in all 
spectra, while the fragment at  m/z  805.9 in the PGS spectrum (C) corresponds to PG. Under the spectra, 
chemical structures of the archaebacterial phospholipids are reported.   

 TABLE 1. Detected MALDI-TOF/MS ion peaks of archaeal lipids 
of purple membrane 

Monoisotopic Mass [M-H] - 

Lipid Species Molecular Formula Theoretical Experimental

BPG C 89 H 182 O 13 P 2 1520.3 1520.5
PG C 46 H 95 O 8 P 805.7 805.9
PGS C 46 H 95 O 11 PS 885.6 886.0
PGP-Me C 47 H 98 O 11 P 2 899.7 900.0
S-TGD-1 C 61 H 118 O 21 S 1217.8 1218.1
S-TGD-1-PA (GlyC) C 104 H 205 O 26 PS 1932.4 1932.8

BPG, bisphosphatidylglycerol; GlyC, glycocardiolipin; PG, 
phosphatidylglycerol; PGP-Me, phosphatidylglycerophosphate methyl 
ester; PGS, phosphatidylglycerosulfate; PM, purple membrane; 
S-TGD-1, (3 ′ -sulfo)Gal p  � 1-6Man p  � 1-2Glc p  � 1-1-[ sn -2,3-di- O -phytanylglyc-
erol]; S-TGD-1-PA, (3 ′ -sulfo)Gal p  � 1-6Man p  � 1-2Glc p  � 1-1-[ sn -2,3-di- O -
phytanylglycerol]-6-[phospho- sn -2,3-di- O -phytanylglycerol].
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membranes in lyophilized form was also verifi ed.   Fig. 6   
illustrates the MALDI-TOF/MS analysis of lyophilized 
red membranes isolated from the strain MdS1, another 
extremely halophilic microorganism of the Archaea 
world. MdS1 red membranes are highly enriched in BPG 
( 12, 13 ). 

 The lyophilized MdS1 red membranes and dry 9-AA 
were mixed in 2:1 ratio, obtaining a thin red pellet. A frag-
ment of the pellet was used for MALDI-TOF/MS analysis. 
The resulting MALDI-TOF/MS lipid profi le was perfectly 
superimposable onto the lipid profi le obtained by previ-
ous TLC and ESI-MS analysis ( 12, 13 ).  Fig. 6A  reports the 
TLC lipid profi le of red membranes and lipid assignments 
based on data in previous literature and mass spectromet-
ric analysis. Experimental lipid masses obtained by MALDI-
TOF/MS analysis correspond well to calculated lipid 
masses and to those previously obtained by ESI-MS analysis 
( 12, 13 ). It can be seen that in the MALDI spectra of mem-
brane/matrix pellets most of archaebacterial lipids are 
represented by their sodium adducts. The excellent qual-
ity of the MALDI-TOF/MS spectrum of lyophilized MdS1 
membranes in  Fig. 6  is likely due to the optimal homoge-
neity of the red membranes/9-AA pellet. 

pressure in a die press to form a thin disc, similar to those 
obtained by mixing substrates and KBr for IR analysis.   Fig. 
4   shows the fragment of PM/9-AA pellet attached to the 
MALDI target. 

 A representative MALDI-TOF mass spectrum obtained 
by analyzing the PM/9-AA pellet is reported in   Fig. 5  . The 
MALDI-TOF/MS lipid profi le obtained in these experi-
mental conditions corresponds quite well to the one re-
ported in  Fig. 3  that was obtained by analyzing the PM 
lipid extract. The glycosylated cardiolipin S-TGD-1-PA is 
represented by the signal at  m/z  1955.5, 1933.5, and 1853.3, 
corresponding to the sodium adduct of the molecular ion, 
the molecular ion, and the desulfated glycolipid, respec-
tively. The signals at  m/z  1380.4 and 1218.3 correspond 
well to the glycolipid S-TeGD and S-TGD-1, respectively. 
PGS and PGP-Me, both phospholipids having two acidic 
groups in the polar head, are represented by a mixture of 
molecular ions and sodium adducts, whereas PG is repre-
sented only by its molecular ion. The mass deviation in the 
high range of lipid masses might be due to differences in 
the sample height in the dry mixture of the pellet. 

 The possibility of extending the novel method of 
MALDI-TOF/MS lipid analysis to other archaebacterial 

  Fig.   2.  MALDI-TOF/MS analysis of glycolipids standards (diphytanylglycerol ether analogs) isolated and 
purifi ed from extremely halophilic archaeal microorganisms. The peaks of the molecular ions [M-H]  �   of 
S-TGD-1 (B) and S-TGD-1-PA (A) are at  m/z  1218.1 and  m/z  1932.8, respectively. Present in the spectrum of 
S-TGD-1-PA (A) is a peak at  m/z  1853.0, corresponding to the fragment [M-HSO 3 ]  �   produced during the 
desorption/ionization process. Under the spectra, the previously determined ( 7, 15 ) chemical structures of 
the archaebacterial glycolipids are shown.   



Lipid mass spectrometry analysis of intact archaebacterial membranes 2823

density to the halophile membranes. No nitrogenous 
base-containing phospholipids, such as phosphatidylser-
ine or phosphatidylethanolamine, are present in extreme 
halophiles. This may be characteristic of the halophilic 
Archaea, in contrast to the methanogenic and thermo-
philic Archaea. Information on lipid biosynthesis in 
Archaea is available thanks to labeling studies with whole 
cells ( 5, 22 ). 

 In a previous study, we analyzed the lipids of the purple 
membrane by combining TLC and NMR analysis. The 

 It is noteworthy that the BPG signal at  m/z  1542.9 is com-
parable to that of other membrane lipid components; 
therefore, the novel method of lipid analysis offers the 
advantage of overcoming the problem of diffi cult ioniza-
tion of BPG when it is mixed with other phospholipids in 
solution. 

 DISCUSSION 

 Recent applications of MALDI-TOF/MS to the analysis 
of cellular lipids have shown the potential of a technique 
long considered of practical utility only for protein analy-
sis ( 2, 21 ). 

 It has been shown that MALDI mass spectrometry allows 
the analysis of glycerolipids, glycerophospholipids, triglyc-
erides, cholesterol, and cholesterol derivatives, while re-
ports describing the application of MALDI to the analysis 
of archaebacterial lipids are not yet available. 

 In this study, we illustrate for the fi rst time the applica-
tion of MALDI-TOF/MS to the analysis of archaebacte-
rial lipids in solution, and we show that it is possible to 
directly analyze lipids of membranes isolated from ar-
chaeal microorganisms without prior extraction/separa-
tion steps. 

 We have analyzed archaeal membrane lipid standards 
and the total lipid extract of the archaeal membranes iso-
lated from halophilic microorganisms, obtaining results 
comparable with those obtained by ESI-MS analysis. 

 Most of the phospholipids and glycolipids of extreme 
halophilic archaeons are anionic, so that their negatively 
charged groups would impart a high negative charge 

  Fig.   3.  A: TLC lipid profi le of the total lipid extract of purple membranes of  Halobacterium salinarum . Lipid abbreviations and molecular 
ion masses are reported. Lipid assignments are based on previous studies ( 15, 20 ). B: MALDI-TOF mass spectrum of the total lipid extract 
of purple membranes of  Hbt. salinarum  acquired in the negative ion mode using 9-AA as the matrix.   

  Fig.   4.  Photograph of fragments of PM/9-AA pellet attached to 
the MALDI-TOF target. Dimensions of the target are approxi-
mately 53 × 41 mm. MALDI-TOF, matrix-assisted laser desorption/
ionization time-of-fl ight; PM, purple membranes; 9-AA, 9-amino-
acridine.   
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  Fig.   5.  MALDI-TOF mass spectrum of pellets obtained with lyophilized PM and 9-AA (2:1, w/w) as de-
scribed in “Experimental Procedures.” The  m/z  signals corresponding to the different PM lipid components 
are PG, [M-H]  �   at 805.9; PGS, [M-H]  �   at 886.1; PGS sodium adduct, [M-H]  �   + Na +  at 908.2; PGP-Me, 
[M-H]  �   at 900.1; PGP-Me sodium adduct, [M-H]  �   + Na +  at 922.1; S-TGD-1, [M-H]  �   at 1218.3; S-TGD-1-PA, 
[M-H]  �   at 1933.5; S-TGD-1-PA, [M-HSO 3 ]  �   at 1853.3; and S-TGD-1-PA sodium adduct, [M-H]  �   + Na +  at 
1955.5.   

  Fig.   6.  A: TLC lipid profi le of the total lipid extract of red membranes of  Halorubrum sp.  MdS1 strain. Lipid 
abbreviations and molecular ion masses are reported. Lipid assignments are based on previous studies ( 12, 
13 ). B: MALDI-TOF mass spectrum of pellets obtained with lyophilized red membranes of  Halorubrum sp.  
MdS1 strain and 9-AA (2:1, w/w) as described in “Experimental Procedures.” Most lipid components are 
mainly represented by their sodium adducts. The spectrum was acquired on a Bruker Autofl ex mass spec-
trometer (Bruker Daltonics).   

results obtained allowed the estimation of stoichiometric 
ratio of individual lipid component and the sole protein of 
the purple membrane bacteriorhodopsin ( 9 ). 

 In this study, we considered the purple membrane 
as a model membrane to investigate the potential of 
MALDI-TOF/MS in the analysis of lipids of archaeal 
microorganisms. Results indicate that 9-AA in solution 
is a suitable matrix for the desorption/ionization of 
archaeal phospholipids and glycolipids. The method, 
originally developed by Sun G. et al. ( 2 ), allows good 
ionization and easy detection of the dimeric archaeal 
phospholipids or cardiolipins. The sensitivity of the 

method is particularly high for the archaeal sulfated gly-
colipids, which in analogy with sulfatides of eukaryotic 
cells ( 23 ), exhibit an extremely high tendency to ionize 
in the presence of 9-AA. 

 The MALDI-TOF/MS profi le of the lipid extract of the 
purple membranes contains the same main signals pres-
ent in the ESI mass spectrum ( 15 ). All the lipids in the 
extract can be easily revealed by this technique of analysis, 
with the exception of the minor PM lipid component BPG, 
whose signal is very low.  

 Interestingly we also show that it is possible to perform a 
direct lipid analysis of the intact lyophilized archaebacte-
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rial membranes by MALDI-TOF/MS dry mixed with the 
matrix. We recommend care in the preparation of the 
membrane/matrix pellets, because the incomplete homo-
geneity of the samples might cause some inaccuracy in the 
measurements. 

 The study of lipid composition of cell membranes nor-
mally requires two separate steps:  1 ) extraction of lipids by 
harsh organic solvents and  2 ) combined chromatographic 
and mass spectrometry analysis. The novel approach to ana-
lyze lipids of intact membranes is particularly useful if 
doubts about the presence of artifacts introduced by the 
lipid extraction procedure are raised (e.g., highly polar lip-
ids as sulfated polyglycolipids may preferentially partition 
into the methanol-water phase and therefore be absent in 
the chloroform phase). In a previous study of  31 P NMR anal-
ysis of solubilized purple membrane, the phosphorus signal 
of the glycosylated cardiolipin S-TGD-1-PA could be not de-
tected, raising doubts about the presence of the archaeal 
cardiolipins in the PM ( 24 ). In the present study, our data 
confi rm that archaeal cardiolipins are true components of 
the membrane matrix of the purple membrane. 

 The direct lipid analysis of lyophilized membranes ap-
pears to be of general applicability for archaebacterial lip-
ids, whose structures are chemically stable even in extreme 
environmental conditions. During the dehydration pro-
cess, the polar heads of phospholipids lose the associated 
water, whereas sodium ions likely remain bound to mem-
brane. This might explain why most of highly polar lipids 
of archaebacterial membranes appear as sodium adducts 
in the MALDI spectra of lyophilized membranes. 

 The method of MALDI-TOF/MS lipid analysis of ly-
ophilized membranes is particularly suited to the analysis of 
the complex archaebacterial phospholipid BPG, allowing 
an easier detection of it. The sodium adduct of BPG repre-
sents one of the main signals in the MALDI-TOF/MS lipid 
profi le in  Fig. 6 , although it appears diffi cult to obtain the 
ionization of BPG in solution in the presence of other 
phospholipids and glycolipids. 

 The novel method we describe might be of general ap-
plicability. It offers the advantage of quickly gaining in-
formation about membrane lipid components without 
disrupting or altering the membrane matrix. Experiments 
are in progress to evaluate the potential of this novel 
method in the study of lipid composition of bacterial and 
eukaryotic membranes.  

 The authors thank Prof. Francesco Naso for the use of MALDI-
TOF/MS instrument Bruker Microfl ex in the Chemistry 
Department of the University of Bari, Prof. Loreto Gesualdo for 
the use of MALDI-TOF/MS instrument Bruker Autofl ex in the 
Proteomic Facility of the University of Foggia, and Dr. Patrizia 
Lopalco for preparing the archaebacterial lipid standards and 
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